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Relative evaporation and penetration of the insect 
repellent, N,N-diethyl-m-toluamide, has been measured 
by 3 methods, 2 in vivo and 1 in vitro. The evaporation 
rate 30 min after application was found to be similar by 
all 3 methods. At an applied dose of 0.25 ",g/cm2 , 9.6% in 
vivo and 9.7 % in vitro evaporated from the skin in the 
first hour after application. Although the techniques 
u sed produced similar results in vivo and in vitro for 
diethyltoluamide, studies are being conducted to further 
elucidate kinetics of loss by evaporation. 
Percutaneous absorpt ion and evaporation from the skin are 
recognized modes ofloss for chemicals like insect repellents [1-
3 ]. Although percutaneous absorption has been extensively 
considered [2,4,5], evaporative loss of repellents is necessary to 
disrupt the mosquito in her approach to the skin [6]. Smith et 
al (2] found that approximately 50% of applied repellent N,N-
diethyl-m-toluamide (deet ) evaporated from skin in vivo and 
estimated that the remainder penetrated. Feldmann and Mai-
b ach noted that only 16% of HC-labeled deet penetrated over a 
9 6-hr period when applied to the forearm at 4 ",g/ cm2 [4]. 
Although the evaporation rate of deet has been related to 
repellent duration on the skin [7], no measure of the evapora-
tion rate has been made at low applied doses of repellent. Using 
t h e repellent, diethyltoluamide (deet ), we compare evaporation 
r a tes from skin determined by 1 in vitro and 2 in vivo methods. 
MATERIALS AND METHODS 
The chemicals used were N ,N-diethyl-m-toluamide (deet, Eastman 
Kodak, Practical Grade) and N,N-diethyl-m-toluamide (" C = 0 ).* The 
I·C-deet was chromatographically identical to pure deet and to the 
c hromatograms made when the " C-deet was syn thesized. All of the I·C 
w as found to be residing in the deet portion of the chromatogram. All 
a pplications were made in ethanol solution. 
In vitro evaporation rates were measured in a glass evaporation/ 
penetra tion cell described in detail by Spencer et al [8]. After all hau' 
was removed by clipping, abdominal skin samples, obtained at autopsy, 
were cut to sample size and stored frozen until needed . Prior to an 
e xperiment the full-thickness skin sample was thawed and placed on 
t he lower section of a permeability cell containing Ringers solut ion for 
15 min. An ethanol solution of the labeled repellent was applied to a 
1 .2-cm2 area in the center of the sample; the ethanol was allowed to 
evaporate for 1 min. The upper half of the chamber was placed over 
t he skin, and the chamber halves clamped together, forming an airt igh t 
seal. The chamber was maintained at 32°C (approximately skin tem-
perature). Dry air wa!; passed over a 0.6-cm2 exposed area of t reated 
s kin at 30 ml/ min and through a 6 cm collection tube (syringe) con-
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taining dry cotton. No deet could be detected in the effluent from the 
cotton collection tube using a to luene wash collection tube capa ble of 
recovering 0.1 /Lg/cm2/ h of deet. The collection tube was changed at 
15-min intervals for 1 hr after application. The cotton from the collec-
tion tube and 2 rinse a1iquots from the tube were placed in a scint illator 
cocktail (ACS, Amersham/Searle Aqueous Counting Solut ion) and 
counted (Hewlett Packard T ricarb-Scin tillation Counter ). After I hr 
the skin sample was removed from the cell; the skin surface was rinsed 
with the scintillator solution, which was collected in a vial and counted . 
The rinsed skin sample was then pyrolyzed (Hewlett Packard Model 
306 Sample Oxidizer) and the " C-deet absorbed by the skin was 
measured. 
T he in vivo experilnents were performed using the top half of the 
evaporation/ penetration cell maintained at 32°C with a circulating 
waterjacket. In the first experilnent deet and an ethanol control were 
applied to a 3 x 3 cm2 area on the forearm. Following application 
participants remained at rest in a room kept between 25 and 30°C. 
Application sites were open to air. At 30 min after application the cell 
was placed on the forearm and dry nitrogen (Matheson, Zero Grade) 
was passed over a control teflon surface at 30/ min. through a teflon 
tube, and into a flame ionization detector (FID). After the detector 
reached baseline, the cell was placed first on the ethanol and then on 
the deet-treated site and allowed to come to steady state in each case 
(3-5 min) . E vaporation rates were measured 30 min after application 
to avoid saturation of the FID. The reported values are the difference 
between the deet-treated site and the ethanol-control site, which did 
not diffe r significantly from the untreated skin. All participants gave 
written, informed consent prior to participation. Volunteers, 1 female 
and 7 males, ranged in age from 20 to 48 yr (median = 25 yr). 
S ince the flame ionization detector was not specific for deet, we 
repeated the experilnent , using the ident ical evaporation cells with "C-
deet. D eet was applied to a 1.8-cm2 site on the forearm at a dose of 25 
/Lg/ cm2 (0.01 /Le i total dose). The site was allowed to dry in air for one 
minute and the evaporation cell was affixed to the forearm, using a 
harness made from self-adhesive material (Velcro). Samples were taken 
for three 15-min collection periods using the same procedure that was 
used in the in vitro method described above. After the third collection 
period the cell was removed from the forearm. The treated area was 
rubbed vigorously with 2 toluene-soaked cotton swabs since deet and 
skin lipids are highly soluble in toluene. Then 4 to 6 skin strippings 
were made with %-inch-wide cellophane (Scotch) tape. In all cases the 
level of activity of the· last 2 strippings was significantly lower than the 
ini tial strippings, indicating that any repellent readily removable from 
the skin had been removed. The cotton balls and the skin-strip tape 
were placed in scint illation vials with scint illator solut ion and counted 
(Beckman Liquid Scintillation Counter) . Neither the cotton nor the 
cellophane tape were found to affect the count ing efficiency. The tota l 
repellent evaporation in each 15-min period and the total repellent 
recovered were calculated. 
RESULTS 
The evaporation rate of deet at a dose of 25 /-Ig/cm2 is shown 
in Table I with replicates run on 4 different days. The evapo-
ration rate in the 30- to 45-min interval postapplication was 
selected for comparison of in vivo and in vitro data to corre-
spond to a previously studied criteria of repellent efficacy, the 
minimal effective dose [3]. The minimal effective dose of deet 
necessary to effectively repel mosquitoes had previously been 
determined as 0_25 /-Ig/cm2 [3]. Comparison of the minimal 
effective evaporation rates by the 2 in vivo and the in vitro 
method is shown in T able II. 
A second measure of comparison between the in vivo and in 
vitro methods is the mode of repellent loss from the skin. In 
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T ABLE I. Evaporation rate of diethyltoluamide from shin in vivo" 
Evaporation Rate Post Application (I'g/cm"/ hr) 
Subject 
0- 15 min 15-30 min 30-45 min" 
11.5 3.3 1.4 
14.0 8.3 5.3 
10.0 3.5 2.2 
18.7 6.9 3.2 
16.5 14.5 6.0 
18.0 6.8 3.2 
19.5 17.3 2.9 
Mean + S.D. 15.45 + 3.70 8.20 + 5.11 3.46 + 1.64 
" Diethyltoluamide (14e ) was applied at 25 ",g/cm" and a llowed to a ir 
dry prior to collection. Each replicate was carried out at a different site 
on the volunteer's anterior forearm. 
" Interval for minimal effective evaporation rate. 
TABLE II. Evaporation rate of diethyltolu.amide from human shin in 
vivo and in vitro from 30 to 45 min after application of a 0.25 ",g/cm2 
dose 
Test 
Evaporation 
rate" 
(I'g/cm"/ hr) 
x ± SO 
n Replicates 
Evaporation in vitro" 4.03 ± 2.88 6 
(Evaporation-penetration cell) 
Evaporation in vivo '" 3.48 ± 1.28 8 
(tota l carbon analysis) 
Evaporation in vivo" 3.46 ± 1.64 7 
(deet specific ana lysis) 
" Evaporation rate at a dose of 25 ± 1.9 ",g/cm" for the 30-45 min 
time period post application (see text). 
" Evapora tion from excised full- thickness abdominal skin at 32°e . 
,. Total carbon analysis of a ir passed over forearm (vs. ethanol 
control) wi th flame ionization detector (see text). 
d Specific analysis of a ir passed over forearm with "e-Iabeled deet . 
(This is for the 30-45 min t ime period. See text.) 
TABLE III. R ecovery of rep ellent from sf/in in vivo by evaporation, 
wiping and stripping" 
Subject % evaporation % skin wipe" % skin strip" 
1 12.4 15.1 13.5 
2 4.6 44 .7 6.2 
2 13.3 15.6 14.0 
2 9. 1 23.9 21.1 
2 13.1 19.4 14.5 
5.5 34.1 7.6 
9.4 37.1 6.3 
9.6 ± 3.6 27.1 ± 11.6 11.9 ± 5.5 
" Deet applied at 25 ",g/cm' on the anterior forearm . 
" S kin wiped with cotton balls soaked in toluene. 
Total recovery" 
41.0 
56.0 
40.0 
54.0 
47.0 
47.0 
53.0 
48.3 ± 6.3 
" Skin stripped with %-inch cellophane type. 
d Total recovery. This excludes percutaneous penetration and deet 
in the skin, exclusive of strippable stratum corneum. 
Table III and Table IV the proportions (%) of deet recovered 
from evaporation and skin surface collection are compared for 
the in vivo and in vitro studies. Although the fraction of applied 
dose recovered by evaporation is similar in vitro and in vivo, 
t he actual smface for evaporation was 0.6 cm2 in the center of 
t he application area. The amount recovered from the skin 
surface adjacent to the evaporation area is probably somewhat 
greater than might be anticipated in an actual repellent test 
against mosquitoes. The experiment was designed with a larger 
application area than evaporation area to prevent loss by lateral 
diffusion into smrounding stratum corneum. The large amount 
recovered from skin stripping, coupled with the low recovery in 
vivo indicates the penetration into the stratum corneum oc-
curred. The amount lost to penetration in vitro is the equivalent 
to skin stripping plus penetration in vivo because no stripping 
was done in the in vitro procedures. The reported values for 
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TABLE IV. R ecovery of diethyltoluamide from the shin in vitro by 
evaporation and penetration" 
Sample Evaporation Skin surface Residual in skin" Total recovery wash" 
(0-60 min) (at 60 min) 
6281-6 10 21 49 79 
6281-10 17 19 46 82 
6324-3 3 14 78 92 
6324-4 4 21 36 61 
6324-7 16 23 40 79 
6324-1 8 20 56 84 
9.7 ± 5.9 19.7 ± 3.1 50.8 ± 15.0 79.5 ± 10.3 
" Diethyltoluamide (l 'le) at a dose of 25 ",g/cm' . 
" Skin rinsed with 20 ml toluene. 
,. Residue recovered from skin t issue. 
penetration in vitro are systematically a few percent low be-
cause it was discovered later that the techniques used to pyro-
lyze the samples were not optimal. 
DISCUSSION 
Loss of repellent from the skin surface occms by evaporation, 
penetration, and retention within the skin. Evaporation rates 
determined by both in vivo methods are consistent with the 
evaporation rate determined in vitro (Table II). Differences in 
penetration rates associated with different anatomical sites are 
known [9]. However, no significant difference was observed 
between evaporation from abdominal skin in vitro and from the 
forearm in vivo (Tables II-IV) . There is variation observed in 
evaporation rates from different skin sites on the same and 
different individuals (Table I). These differences were expected 
from individual differences observed in repellent efficacy on 
different individuals [2,10], e.g., the minimal effective dose of 
repellent which will protect the skin from mosquitoes has been 
shown to have a range of 10 to 70 Jlg/cm2 (Mean = 25 Jlg/cm2) 
among 16 individuals [3]. 
Modes of recovery other than evaporation, i.e., skin surface 
collection and penetration, must be compared cautiously be-
cause surface collection by stripping was not performed in vitro 
and permeability (urinary and fecal excretion) was not mea-
smed in vivo except by difference, the amount applied less the 
amount recovered. The amounts recovered by smface washing 
in vitro and wiping in vivo are similar, indicating that there 
was still a significant residue on the skin surface. The recovery 
by skin stripping in vivo indicates that a significant portion of 
deet is retained in the outer layers of the stratum corneum over 
short time periods. As the concentrations at the surface de-
creases from evaporation, some of the deet in the outer layers 
of the stratum corneum would be expected to diffuse to the 
surface since there would no longer be a gradient for penetra-
tion. Although no penetration through the dermis was observed 
during the in vitro experiment, there was no circulatory mech-
anism to remove the penetrant from the dermis into the collec-
tion reservoir. On the other hand, the relatively large amount 
recovered from full thickness skin in vitro indicates that pene-
tration or retention in components of epidermis or dermis [11] 
plays a role in repellent loss. 
Although some of the applied deet, which was not recovered 
in vivo, undoubtedly penetrated, it is likely that a portion was 
retained within the epidermis or dermis [11]. Smith et al [2] 
estimated approximately 50% penetration of deet using a differ-
ence method (applied less recovered) which is in agreement 
with the amounts recovered as skin residue in vitro (Table IV). 
On the other hand, Feldmann and Maibach[4] reported 16% 
penetration over a 96-hr period. The difference in these 2 
findings may be reconciled with the observation by Menczel 
and Maibach that benzyl alcohol, a compound similar to deet, 
is retained in the epidermis and dermis for extended periods 
[11]. The recovery of deet by excretion might be limited by a 
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similar retention factor; hence, a lower total absorption would 
be expected with excretion methods in vivo . 
The volatility of deet is one aspect which should not be 
o verlooked. Although a vapor-phase repellent, deet vapor pres-
sure at 25°C is 2.54 x 10-:1 mm Hg and the boiling point is 
approximately 260°C at one atmosphere. A number of com-
pounds .applied to the skin have volatilities much greater than 
deet; therefore, evaporative loss mechanisms should be consid-
ered for substances like propylene glycol, mineral oil, benzyl 
alcohol, phenol, and homosalate. 
This first study documenting the evaporation rate of one 
-chemical from s kin presents techniques that produced similar 
results in vivo and in vitro. Considerable experience with other 
chemicals and different experimental variables will be necessary 
t-o ascertain whether this was a chance association or a general 
phenomena. We are presently examining other compounds to 
fur ther elucidate kinetics of loss by evaporation. 
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